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WNT5A has been identified as an important ligand in the malig- 
nant progression of a number of tumours. Although WNT5A 
signalling is often altered in cancer, the ligand's role as either 
a tumour suppressor or oncogene varies between tumour types 
and is a contemporary issue for investigators of P-catenin- 
independent WNT signalling in oncology. Here, we report that 
one of the initial effects of active WNT5A signalling in malig- 
nant melanoma cells is an alteration in cellular energy metabo- 
lism and specifically an increase in aerobic glycolysis. This was 
found to be at least in part due to an increase in active Akt sig- 
nalling and lactate dehydrogenase (LDH) activity. The clinical 
relevance of these findings was strengthened by a strong corre- 
lation (P < 0.001) between the expression of WNT5A and LDH 
isoform V in a cohort of melanocytic neoplasms. We also found 
effects of WNT5A on energy metabolism in breast cancer cells, 
but rather than promoting aerobic glycolysis as it does in mela- 
noma, WNT5A signalling increased oxidative phosphorylation 
rates in breast cancer cells. These findings support a new role for 
WNT5A in the metabolic reprogramming of cancer cells that is a 
context-dependent event. 



Introduction 

It has been known for over 30 years that aberrant intracellular sig- 
nalling mediated by the WNT family of secreted glycoproteins leads 
to tumour progression (1). Initially, WNT signalling was found to 
stabilize free pools of cytoplasmic P-catenin, leading to changes in 
gene transcription (2), but it is now realized that WNT proteins also 
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signal via P-catenin-independent pathways as well, although complex 
interplay between the two exists. The archetypal WNT-P-catenin- 
independent signalling ligand is WNT5A, which is known to have 
both tumour-promoting and tumour-suppressive roles in cancer (3). 
For example, lower expression of WNT5A in breast cancer patients 
correlates with increased risk of death and aggressive disease (4,5), 
whereas in melanoma, the opposite is true and high WNT5A expres- 
sion correlates with poor patient prognosis (6). Complexity of the 
WNT5A ligand's role in cancer has previously been reviewed (3). 
WNT ligands that signal in a P-catenin-dependent manner result in 
the inactivation of a P-catenin degradation complex, leading to an 
increase in a cytosolic pool of P-catenin. Stabilization of P-catenin 
coincides with its nuclear translocation, where it acts as a transcrip- 
tional co-activator of T-cell factor (TCF)/lymphoid-enhanced bind- 
ing factor (LEF)-responsive promoters. Overall, cross-talk between 
WNT and other pathways results in highly context-dependent cellular 
responses in tumour cells. 

Cancer cells undergo metabolic reprogramming as one of their hall- 
mark behavioural changes during the tumorigenic process (7). A com- 
mon reprogramming mechanism is that of switching the mitochondrial 
tricarboxylic acid cycle away from ATP synthesis and towards the 
synthesis of lipids, proteins and nucleic acid precursors that serve the 
increased synthetic demands of tumour cells (8). This is associated with 
increased glucose-dependent production of lactic acid by cancer cells 
relative to normal cells in the process of aerobic glycolysis, which has 
been known for over five decades (9). Lactate dehydrogenase (LDH) 
is the critical enzyme for lactate production in cells as it controls the 
inter-conversion of lactate and pyruvate compounds. Specifically, there 
are five LDH isoforms (LDH I-V), where isoforms IV and V are pre- 
dominantly involved in the production of lactate from pyruvate (10). 
All isoforms are generated from two gene products that encode M and 
H protein subunits encoded by the LDHA and LDHB genes, respec- 
tively. In addition to enhanced aerobic glycolysis, other atypical meta- 
bolic profiles of cancer cells include enhanced fatty acid synthesis and 
increased glutamine metabolism (8). Identification of the signalling 
mechanisms that control metabolic reprogramming in cancer cells has 
been an intensely investigated area of research in recent years and a 
number of pathways have been identified as regulators, which include 
key oncogenic signalling molecules such as Myc and Akt (8). 

For a number of years now, the WNT-P-catenin-dependent signal- 
ling pathway has been linked to the control of cellular metabolism 
(11). For example, in hepatocytes, activation of P-catenin signalling 
results in the up-regulation of genes involved in glutamine metabo- 
lism (12), and a large number of metabolism genes contain TCF/LEF 
response elements within their promoter regions (13). Furthermore, 
WNT3A (an archetypal WNT-P-catenin-dependent signalling ligand) 
increases oxygen consumption and mitochondrial gene expression 
in adipocytes (14) and fibroblasts (15). Indeed in the C2C12 murine 
muscle cell line, WNT3A-P-catenin signalling enhanced mitochon- 
drial proliferation, mediated at least in part through enhanced Myc 
expression leading to increased mitochondrial biogenesis (15). Taken 
together, these findings suggest that the WNT-P-catenin-dependent 
signalling pathway is a key regulator of cellular bioenergetics. 
However, it is currently unknown if WNT-P-catenin-independent sig- 
nalling can also control cell metabolism. 

Cutaneous melanoma is a malignancy of the pigment producing 
melanocytes in the skin. Alarmingly, incidence rates have been ris- 
ing faster than any other cancer and have been steadily increasing for 
over 40 years (16). Despite a number of novel treatments developed in 
recent years that provide improved survival rates in patients (17-19), 
the success of these treatments is ultimately limited by the develop- 
ment of drug-resistant tumours and patient-restricted response to the 
drugs. There is, therefore, a distinct need for the discovery of novel 
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anti-melanoma treatments that target a number of cancer hallmarks. 
By understanding key signalling pathways that are essential for mela- 
noma cell survival, it is hoped that novel melanoma treatments can be 
found in the future. 

In melanoma, WNT5A signals through the G protein-coupled 
receptor, Frizzled (FZD)-5 (20), to elicit a |3-catenin-independent 
WNT-Ca 2+ signalling pathway (21), but it also signals via the receptor 
tyrosine kinase, Ror-2, to mediate lamellipodia formation, increase 
cell migration and cell invasion and promote metastasis (21-23). 
Indeed, WNT5A-mediated Ror-2 signalling results in enhanced Src 
kinase activity in melanoma cells, which is essential for WNT5A- 
mediated cell migration (22). In a recent paper, WNT5A was 
suggested to promote melanoma cell migration/invasion via a FZD- 
4-|3-catenin-dependent mechanism (24). Regardless of the signalling 
pathway involved, it is this ability of WNT5 A signalling to promote 
melanoma cell migration that is attributed to advanced stage tumour 
progression in patients. However, the possibility remains that addi- 
tional behavioural changes could occur in melanoma cells follow- 
ing WNT5A stimulation, which also contribute to enhanced disease 
progression. 

Here, we used a quantitative proteomics approach to investigate 
early WNT5A-mediated events in melanoma cells. In particular, 
those signalling events that occur prior to enhanced cell migration, 
to assess what precursors might be necessary to elicit the behavioural 
changes that lead to WNT5A-mediated increases in melanoma cell 
motility. Interestingly, we have found that a large number of changes 
in the proteome involve metabolic enzymes, suggesting that WNT5A 
can reprogramme melanoma cell bioenergetics. In accordance with 
this, biochemical and molecular analysis revealed that WNT5 A could 
enhance aerobic glycolysis in melanoma cells. However, in breast can- 
cer cells, active WNT5A signalling increased mitochondrial-mediated 
oxidative phosphorylation instead, suggesting that WNT-(3-catenin- 
independent signalling is a previously unrecognized, context-depend- 
ent, key regulator of cancer cell metabolism. 

Materials and methods 

Cell lines and treatments 

Cell details, culture conditions, materials used and cell treatments are provided 
in Supplementary Material, along with other Supplementary Methods, availa- 
ble at Carcinogenesis Online. Details of statistical analysis for all experiments 
are also provided in Supplementary Methods, available at Carcinogenesis 
Online. 

Cell migration assay 

Time-lapse microscopy was used to track migration in the melanoma cells, 
as described previously (25). Briefly, A2058 cells were treated as indicated 
and pictures taken every 5-15 min over a 12 or 24 h period in a humidified 
37°C chamber with 5% C0 2 - Track velocity was calculated using the Volocity 
Software (PerkinElmer). 

Cell adhesion assay 

A2058 cells were pre-treated with recombinant WNT5A (rWNT5A; and in 
some cases, also with the WNT5A inhibitory peptide, Box5) for the indicated 
times, either in the presence or absence of 5 mg/ml cycloheximide, and assayed 
as described previously (21). 

Mass spectrometry 

Proteins were isolated from A2058 cells in DIGE lysis buffer (30 mM Tris- 
HC1, 5mM Mg acetate, 8M Urea, 4% CHAPS). For each sample, 100 ug 
of whole cell protein extracts were prepared in accordance to the Tandem 
Mass Tags (TMT) Isobaric Mass Tagging Kit (Thermo Scientific) protocol. 
The labelled peptide samples were combined and fractionated off-line into 
20 fractions by strong cation exchange chromatography (ICAT strong cation 
exchange cartridge; Applied Biosystems) at a flow rate of 50 ul/min. Fractions 
were eluted by injecting KC1 at increasing concentrations (ranging from 0 to 
600mM) in 5mM KH 2 P0 4 , 25% acetonitrile, pH 2.7. The collected fractions 
were desalted using UltraMicrospin columns (The Nest Group). 

Reverse phase liquid chromatography (LC)-tandem mass spectrom- 
etry analysis was conducted using an Orbitrap-LTQ XL mass spectrometer 
(ThermoFisher, Bremen, Germany), which was coupled online to a split- 
less Eksigent 2D NanoLC system (Eksigent Technologies, Dublin, CA). 



The peptides were loaded with a constant flow rate of 10 ul/min onto a pre-col- 
umn (Zorbax 300SB-C 1 8 5 x 0.3 mm, 5 um; Agilent Technologies) and subse- 
quently separated on a RP-LC analytical column (Zorbax 300SB-C18 1 50 mm x 
75 um, 3.5 um; Agilent Technologies) at a flow rate of 350 nl/min. The pep- 
tides were eluted with a linear gradient from 95% solvent A (0.1% formic 
acid in water) and 5% solvent B (0.1% formic acid in acetonitrile) to 40% 
solvent B over 55 min. Fragmentation was carried out using DDA and top 7 
with alternate HCD/CID scans for all peptides. The raw data files were trans- 
formed to the mzData format using the Proteome Discoverer (ThermoFisher) 
tool and peptide identifications were performed using the MASCOT database 
(Matrix Science, London, UK). Positive identifications were accepted based 
on confidence scores of at least 95% with a false discovery rate of 0.01 (at 
both protein and peptide levels) using the human section UniProt (release 17 
August 2011) together with a reverse decoy database. Relative quantifica- 
tion of proteins using the TMT labels was calculated using the tandem mass 
spectrometry scans as the ratio of the areas under the peaks at 126, 127, 128, 
129, 130 and 131 Da, which correspond to the representative masses of the 
TMT reagents. 

Western blotting 

Details are provided in Supplementary Methods, available at Carcinogenesis 
Online. 

LDH activity assay 

Measurement of LDH activity from total cell lysates was done using the 
CytoTox96™ LDH assay kit (Promega Corporation), according to the manu- 
facturer's instructions. The levels of LDH activity were expressed as normal- 
ized values against total protein. 

Lactate determination 

Secreted lactate in the cell media was measured using a Lactate Assay Kit 
(Bio Vision) according to the manufacturer's instructions. Samples were stored 
at -80°C prior to analysis to ensure secreted LDH could not degrade the lac- 
tate, and all samples normalized against total protein. For inhibitor experi- 
ments, MK-2206 (0.5 uM) and rapamycin (80 nM) were used to inhibit Akt 
and mTOR activity, respectively. 

Metabolic analysis 

Oxygen consumption rate (OCR) and pH changes (indicating carbon-based 
metabolism) were measured in real-time using a XF24 flux analyzer (Seahorse 
Bioscience). Cells were seeded on collagen I-coated 24-well microplates. All 
measurements were normalized against total protein content from cell lysates. 
Cells were analyzed in a modified Seahorse buffer (114mM NaCl, 4.7mM 
KC1, 1.2mM KH 2 P0 4 , 1.16mM MgS0 4 , 250 mM CaCl 2 , 0.2 g bovine serum 
albumin, pH 7.2) and incubated in low glucose (5mM) for 30 min prior to 
analysis. Where indicated, cells were treated with high glucose (28 mM), 4 ug/ 
ml oligomycin, 40 uM 2,4-dinitrophenol or 1 uM rotenone. 

Glucose consumption assay 

A2058 cells were treated with rWNT5A or carrier for 16 h as indicated above, 
and then media/total protein taken and assayed using a Glucose Assay Kit 
(Abeam), according to the manufacturer's instructions. Glucose consumption 
was then calculated for each treatment. 

lmmunohistochemical analysis and patien t cohort 

Anti-WNT5A (26) or anti-LDHV (Abeam) antibodies and an EnVision™ 
FLEX, high pH kit (Dako) with a Dako Autostainer Plus instrument were used 
for immunostaining of tumour tissue samples. All reagents were used accord- 
ing to the manufacturer's instructions and slides were counterstained with 
EnVision™ FLEX hematoxylin (Dako) as standard. Samples were scored by 
two independent researchers and any disagreements between the two observa- 
tions made were reviewed by a pathologist for final classification. Melan-A 
staining was used in parallel in all tissue sections to ensure that only melano- 
cyte lesions were scored. 

Biopsy material included in this study was collected from a cohort of 
patients diagnosed with cutaneous melanoma in the Uppsala region of Sweden 
between 1982 and 2004 (27). All patients were followed up by the Department 
of Oncology, Uppsala University Hospital (Uppsala, Sweden). Ethical permis- 
sion for the analysis was obtained from the Regional Ethical Review Board 
in Uppsala (EPN 2005; 232). Patients diagnosed with melanoma in situ and 
disseminated diseases at the time of diagnosis were excluded from the study 
as well as patients where only autopsy material was available. Patients where 
clinical information or a signed consent was missing were also excluded. In 
total, 152 patients fulfilled these inclusion criteria. All patients had their dis- 
ease staged using the Union for International Cancer Control (UICC) 2002 
TNM system. The fact that this tissue microarray has been used previously 
meant that 38 of the tumour samples in the original tissue microarray could 
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not be further analyzed. Consequently, 1-3 tumour cores per tumour from 114 
patient samples were analyzed in this study. 

Results 

Dynamics ofWNT5A-mediated melanoma cell migration 
Previously, we have shown that the human A2058 melanoma cell line 
is an excellent model to study WNT5A-mediated increases in cell 
migration and invasion (21,25). These cells have low endogenous 
WNT5A expression and strongly respond to rWNT5A signalling 
with an increased cell invasion phenotype and, therefore, we used 
these cells as a model to further investigate how WNT5A signalling 
increases cell motility in melanoma. In agreement with our own and 
other published data (20,21,25,28), we showed that rWNT5A stimula- 
tion of melanoma cells could increase cell migration as analysed by 
time-lapse imaging, which could be detected after 24 h of stimulation, 
but not 12 h (Figure 1 A and B). 



This increase in WNT5A-mediated migration is preceded by 
changes in cell adhesion properties of the melanoma cells (Figure 1C), 
which are also increased by 24 h, effects that can be inhibited by a 
WNT5A-specific antagonist peptide called Box5 (21) (Figure ID). 
Further analysis of WNT5A-mediated increases in A2058 cell adhe- 
sion prior to changes in cell migration (up to 12 h of treatment; 
Figure 1 A) revealed increases in cell adhesion even at these early time 
points following rWNT5A stimulation (Figure 1C, E and F). However, 
experiments using the translational inhibitor, cycloheximide, suggest 
that de novo protein synthesis is not required for this effect on cell 
adhesion up until 6 h post-stimulation but is essential at the 12 h time 
point (Figure IE and F). This suggests that at 12 h post-rWNT5A 
stimulation in A2058 cells, altered protein expression levels of key 
mediators are required for changes to cell adhesion. These changes 
precede WNT5A-mediated increases in cell motility and are likely to 
be essential to the promotion of a WNT5A-induced aggressive pheno- 
type in melanoma cells. 
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Fig. 1. WNT5A increases melanoma cell migration and adhesion. (A) Time-lapse migration assay in A2058 cells following 12h of rWNT5A treatment or carrier. 
N = 4. (B) Time-lapse migration assay in A2058 cells following 24h of rWNT5A or carrier pre-treatment. N = 4. (C) Time course of rWNT5 A-mediated cell 
adhesion of A2058 cells pre-treated prior to analysis at 4, 6, 8, 10, 12, 14 and 24h and normalized against background adhesion (carrier-treated cells). For clarity, 
error bars represent standard error of the mean. N=3. (D) Adhesion assay in A2058 cells following 24h of rWNT5A, rWNT5A plus Box5 or carrier pre-treatment. 
N=3. (E) Adhesion assay in A2058 cells following 6h of rWNT5A pre-treatment in the absence or presence of cycloheximide (Cyclo in the figure). N=3. 
(F) Adhesion assay in A2058 cells following 12b. of rWNT5A or carrier pre-treatment in the absence or presence of cycloheximide. N = 3. *P < 0.05; ***P < 0.001. 
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Global proteomics profiling reveals changes in LDH activity due to 
WNT5A signalling 

The effect of active WNT5A signalling for 12 h on changes to the 
global proteome of melanoma cells was assessed by proteomics 
screening. As an internal control for WNT5A signalling in the screen, 
we used the Box5 inhibitory peptide in the experimental design 
(Figure 2A). Determination of cytosolic free calcium levels was used 
to ensure active WNT5A signalling prior to mass spectrometry anal- 
ysis (Supplementary Figure 1, available at Carcinogenesis Online). 
The relative abundance of labelled peptides from the samples was eas- 
ily detected using the isobaric TMT labels (Supplementary Figure 2, 
available at Carcinogenesis Online) and overall, 174 differentially 
expressed proteins were identified upon rWNT5A treatment by TMT- 
coupled LC-tandem mass spectrometry analysis (Supplementary 
Table 1, available at Carcinogenesis Online). Box5 was capable of 



inhibiting expression changes in most of these proteins, thereby pro- 
viding an internal validation of the screen (Supplementary Table 1, 
available at Carcinogenesis Online). 

Molecular functions of the differentially expressed proteins were 
classified using a variety of gene ontology tools (Figure 2B and 
Supplementary Figure 3, available at Carcinogenesis Online). In 
all analyses, cellular metabolism was defined as the top category 
for the most affected cellular process. IPA Ingenuity® Knowledge 
Base (Ingenuity® Systems) dataset analysis highlighted glycolysis 
or potentially the reciprocal gluconeogenetic metabolic pathway as 
the most affected functional pathway in the rWNT5A-treated A2058 
cells (Figure 2B). As gluconeogenesis is a metabolic process normally 
confined to the kidneys and liver in vertebrates, we hypothesized 
that WNT5A could alter glycolysis in melanoma cells, which sug- 
gests a novel role for WNT5A in the control of energy metabolism. 
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Fig. 2. Proteomics analysis of WNT5A signalling in A2058 melanoma cells reveals changes to cellular metabolism machinery. (A) Schematic diagram of the 
experimental design for the proteomics screen. (B) WNT5A-regulated proteins were categorized into top canonical-affected pathways using the IPA Ingenuity® 
Knowledge Base dataset (Ingenuity Systems; bar chart; P value generated by a Fisher's exact test). (C) Peptide spread plots of the LDH gene products from the 
proteomics data set. Each peptide identified for either the product from the LDHA or LDHB gene is represented in the plot by a circle and was labelled with the 
corresponding TMT labels shown on the x-axis: 126/127: carrier-treated samples; 128/129: rWNT5A-treated samples and 130/131: rWNT5A- and Box5-treated 
samples. Left panel: normalized intensity of peptide spreads from the LDHA gene product. Right panel: normalized intensity of peptide spreads from the LDHB 
gene product. The horizontal lines represent the mean values of the peptide spreads. (D) Left panel: LDH protein levels were measured by immunoblotting 
in rWNT5A-treated A2058 cells, compared to carrier treated (12 h). Right panel: a representative of five independent experiments is shown, with relative 
densitometry. (E) LDH activity in lysates from A2058 cells treated as described for D. N = 3. *P < 0.05; ***P < 0.001. 
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The proteomics analysis detected WNT5A-mediated increased lev- 
els in peptides generated from the parental gene products of both the 
LDH-M and LDH-H subunit genes (LDHA and LDHB), which were 
blocked by Box5 treatment (Figure 2C). Increased LDH levels follow- 
ing rWNT5A stimulation in melanoma cells were further confirmed 
by western analysis (Figure 2D). Interestingly, this increase in LDH 
expression is not dependent on transcriptional control of the genes 
that encode the enzyme subunits (Supplementary Figure 4, avail- 
able at Carcinogenesis Online), so is therefore a post-transcriptional 
event. Importantly, this post-transcriptional increase in LDH levels 
can lead to markedly enhanced LDH enzyme activity (Figure 2E). 
Taken together, this suggests that initial events in WNT5A-mediated 
changes to melanoma cell behaviour result in their metabolic repro- 
gramming, which includes increased LDH expression and activity. 



WNT5A signalling increases glycolysis in melanoma cells 
Such large increases in LDH expression and activity in the melanoma 
cells stimulated by WNT5A signalling probably maintain glycoly- 
sis at a high rate particularly when availability of oxygen is limited. 
The formation of lactate provides the NAD + required for the action 
of glyceraldehyde-3-phosphate dehydrogenase, thus supporting gly- 
colysis. To confirm this, we measured extracellular lactate, which is 
derived from cells producing the acid and will reflect glycolytic rate in 
the cells. rWNT5A stimulation of A2058 cells results in increased lac- 
tate levels in the cell media (Figure 3A), suggesting enhanced aerobic 
glycolysis, which is inhibited by Box5 (Figure 3B). Conversely, tran- 
sient knockdown of the low endogenous WNT5A levels in A2058s 
and indeed in a line with higher endogenous WNT5A expression, 
HTB63 (21) (Supplementary Figure 5, available at Carcinogenesis 




Fig. 3. WNT5A promotes aerobic glycolysis in melanoma cells. (A) Extracellular lactate concentration in A2058 cells treated with rWNT5A or carrier overnight. 
N=4. (B) Extracellular lactate concentration in A2058 cells treated with carrier, rWNT5A or rWNT5A + Box5 peptide for 12 h. N = 8. (C) Extracellular lactate 
concentration in A2058 cells following 48 h of transfection with two WNT5A targeting siRNAs (S I and S2) compared to a control scrambled siRNA (N). N = 4. 
(D) Extracellular lactate concentration in HTB63 cells following 72 h of transfection with siRNAs as described for B. N=6. (E) ECAR was measured in A2058 
cells using an XF24 bioanalyser following 1 2 h of rWNT5 A treatment. AECAR was calculated following a change to high glucose added after 40 min of low 
glucose treatment. N = 5. (F) Glucose consumption in A2058 cells following rWNT5A or earner treatment, as for A. N = 10. *P < 0.05; **P < 0.01 . 
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Online), resulted in a marked decrease in lactate secretion (Figure 3C 
and D). Further analysis revealed the same effects of WNT5A-induced 
increases in LDH expression and lactate secretion in SK-MEL28 and 
M229 human melanoma cell lines (Supplementary Figure 6, available 
at Carcinogenesis Online). 

To corroborate these findings, we used a Seahorse XF24 extracel- 
lular flux analyser to provide real-time analysis of extracellular acidi- 
fication rates (ECARs) in the melanoma cells following rWNT5A 
stimulation. In cells where tricarboxylic acid cycle activity and hence 
formation of C0 2 is abrogated, ECAR can be used as a surrogate read- 
out for glycolysis. AECAR calculated upon high glucose addition to 
the melanoma cells is markedly increased in those pre-treated with 
rWNT5A (Figure 3E). Although lactic acid is not the only potential 
source of acidification from cancer cells (29), it is highly likely that the 
increased WNT5A-mediated lactate secretion (Figure 3 A-C) contrib- 
utes to the increase in AECAR observed. Furthermore, increased gly- 
colysis in rWNT5A-treated melanoma cells is confirmed by increased 
glucose consumption (Figure 3F). These findings show that active 
WNT5A signalling in melanoma cells stimulates aerobic glycolysis. 

WNT5A and LDH expression positively correlate in melanoma 
LDH-M has a lower K m and higher V max for pyruvate reduction than 
LDH-H (30). Hence, of the five tetrameric LDH isoforms, lactic 
dehydrogenase V (LDHV) with four LDH-M subunits preferentially 
catalyses pyruvate reduction to lactate and, therefore, has a huge 
capacity for promoting glycolytic flux. Although these findings do 
not necessarily directly confer significant physiological relevance for 
the capacity of individual LDH isoforms to produce lactate in tissues 
(31), LDHV can reduce pyruvate to lactate and is associated with 
poor prognosis in melanoma patients (32). For this reason and since 
it has been shown to correlate to tumour progression (30), we chose 
to investigate the expression levels of LDHV in melanoma patient 
tissues and check if there is any correlation with WNT5A expression. 
We conducted immunostaining of biopsy samples of melanocytic 
neoplasms from 114 melanoma patients. Relative expression of LDH 
and WNT5A were scored based on staining intensity as: 0: negative; 
1: weak; 2: moderate or 3: strong (Figure 4A and Supplementary 
Figure 7, available at Carcinogenesis Online). 

Interestingly, we found a positive correlation between LDHV and 
WNT5A expression in melanoma patient tissue (correlation coeffi- 
cient, p = 0.648; Figure 4B). T-stage and ulceration are two critical cri- 
teria used in the TNM staging system for cutaneous melanoma, where 
high levels predict poor patient prognosis (33). Expectedly, these 
two criteria correlated with one another (p = 0.628), where LDHV 
expression also correlates with ulceration (p = 0.593) and weakly 
correlates with T-stage (p = 0.253; Figure 4B). WNT5A expression, 
however, moderately correlates with ulceration (p = 0.448), but only 
very weakly, with T-stage (p = 0.175). Nonetheless, high intensity 
staining levels of both LDHV (32) and WNT5A (6) are associated 
with reduced disease-free survival in melanoma patients (Figure 4C). 
This analysis shows that WNT5A and LDHV expression positively 
correlate in cutaneous melanoma. 

WNT5A promotes aerobic glycolysis in melanoma by activating Akt 
To determine key downstream effector molecules of WNT5 A signalling 
in melanoma cells that promote increased aerobic glycolysis, we used 
human melanoma cell lines to investigate Akt signalling. Stimulation 
of the cells with rWNT5A markedly increased Akt phosphorylation, 
indicating activated Akt signalling in response to WNT5 A stimulation 
in A2058 melanoma cells (Figure 5A) and in SK-MEL28 and M229 
melanoma cells (Supplementary Figure 8, available at Carcinogenesis 
Online). We next investigated the effect of Akt and its downstream 
effector, mTOR on the glycolytic pathway using chemical inhibitors. 
Using an Akt inhibitor (MK-2206; Selleckbio) and an mTOR inhibi- 
tor (rapamycin), we found that WNT5A-mediated increases in aero- 
bic glycolysis can be blocked in melanoma cells (Figure 5B and C). 
Indeed, both MK-2206 and rapamycin treatment blocked rWNT5A- 
induced lactate production in melanoma cells. These results show that 



WNT5A P-catenin-independent signalling in melanoma cells stimu- 
lates glycolytic flux by activating Akt-mTOR signalling. 

WNT5A controls breast cancer cell bioenergetics 
WNT5A signalling is misregulated in a variety of tumour types and 
not always with a predictable outcome, as it has been proposed to 
have both oncogenic and tumour-suppressing roles depending on the 
cancer in question. Down-regulation of WNT5A expression has been 
associated with a number of different cancers, one of which is breast 
cancer (4,26,34). Given that WNT5A signalling can promote aerobic 
glycolysis in melanoma, a cancer where WNT5A promotes tumour 
progression, it raises the question of whether WNT5A signalling can 
also affect energy metabolism in cancers where it possesses a tumour 
suppressor role. To test this, we investigated if WNT5A can alter cel- 
lular bioenergetics in breast cancer cells. 

We found that unlike in melanoma cells (Figure 3), WNT5A 
signalling does not promote lactate secretion in MDA-MB-468 
breast cancer cells (Figure 6A). Moreover, WNT5A does not affect 
AECAR in breast cancer cells (Figure 6B). These data suggest that 
in breast cancer cells, WNT5A does not promote aerobic glycolysis. 
However, further analysis using the XF24 instrument revealed that 
OCR is elevated in MDA-MB-468 cells upon rWNT5A stimulation 
(Figure 6C). This is not observed in A2058 melanoma cells, where 
OCR is extremely low (Figure 6D). We used well-characterized 
metabolism inhibitors to assess cell respiratory control (35) in the 
breast cancer cells (Figure 6C) in order to calculate basal respira- 
tion rate and ATP turnover. Active WNT5A signalling in the breast 
cancer cells led to significant increases in both of these (Figure 6E 
and F). In A2058 cells, the low OCR rates (Figure 6C) make analysis 
with mitochondrial respiratory inhibitors impossible and, therefore, 
changes in OCR due to WNT5A signalling in A2058 cells could not 
be calculated. Taken together, these data suggest that in breast can- 
cer cells, rather than affecting glycolytic flux, WNT5A signalling 
promotes increased mitochondrial respiration, which is in contrast 
to what was observed in melanoma cells as schematically outlined 
in Figure 6G. 

Discussion 

Active WNT5A signalling alters cancer cell bioenergetics in the 
model systems tested. Using a combination of proteomics, molecu- 
lar and biochemical analyses, we have shown that WNT5A can pro- 
mote aerobic glycolysis in melanoma and shown that in patients, its 
expression positively correlates with that of the LDH isoform most 
commonly associated with glycolytic flux. In melanoma, there is a 
considerable amount of evidence showing that WNT5A signalling 
promotes cell motility (Figure 1) (20-23,25,28,36-38), but to the 
best of our knowledge, it has not before been found to control mela- 
noma cell metabolism by increasing aerobic glycolysis (Figure 3). 
Overall, WNT5A activity can advance melanoma progression but is 
unlikely to be an initiating event in the development of the disease. 
This highlights a new role for WNT-|3-catenin-independent signal- 
ling in melanoma cell biology and suggests that WNT5A exhibits 
several cancer-promoting functions, all of which could explain why 
high WNT5A expression is associated with increased tumour grade 
(6). Indeed, melanoma cells primarily use glycolysis as an energy 
source during motility (39), so it is logical that WNT5A signalling 
can promote both migration and aerobic glycolysis in these cells. 
Collectively, these findings further support the idea of developing 
WNT5A-specific inhibitors as novel therapeutics for malignant mel- 
anoma treatment (21). 

LDH plays a central role in cellular metabolism and in cancer, 
where high serum levels of this enzyme in melanoma patients cor- 
relates with poor prognosis (40,41). Furthermore, high LDHV 
expression in melanoma has been shown to correlate with reduced 
disease-free survival rates (32), which is in agreement with our 
findings. Recently, it was also shown in advanced stage melanoma 
that patients with elevated serum LDH levels had tumours strongly 
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Fig. 4. There is a positive association between LDHV and WNT5A expression in melanoma. (A) Example LDHV and WNT5A expression in a tissue array of 
melanoma patient tumour samples. Five example patient tumours are shown: 109 A, 138A, 76A, 166A and 402A, where each tumour core is -600 um across; 
0 and 1 indicate no to low expression, respectively, whereas 2 and 3 indicate moderate to high expression, respectively. (B) Correlations of WNT5A and LDHV 
expression in patient tissues (n = 1 14), and matched against the prognostic markers: tumour ulceration and T-stage. Correlations determined by Spearman's Rlio 
and cognate P value are shown. (C) Kaplan-Meier survival curves depicting disease-free survival versus the LDHV (left panel) or WNT5A (right panel) intensity 
of staining in the tumour cells. The intensity of staining was defined as outlined in A. *P < 0.05; **P < 0.01; ***P < 0.001. 



associated with metabolic shifts towards glycolysis (42). Given that 
we have found that WNT5A increases LDH expression (Figure 2), 
promotes aerobic glycolysis (Figure 3) and correlates with LDHV 
expression in melanoma tissue (Figure 4), it would also be expected 
to positively correlate with high serum LDH levels in patients, 
although this remains to be tested. We found that LDH expression 
was controlled in a post-transcriptional manner in the melanoma 
cells. Regulation of LDH gene expression at the transcriptional 
level is well documented and involves the activity of transcrip- 
tion factors such as the hypoxia-inducible factor- la and c-Myc 
(43). We were unable to detect elevated expression of either of 
these transcription factors in melanoma cells following rWNT5A 
stimulation (data not shown). This and the evidence that increases 
in LDH activity are only found at the protein level, suggests that 



WNT5A signalling regulates LDH expression by a currently unre- 
solved post-translational mechanism. 

The PI3K-Akt-mTOR signalling pathway is known to promote 
glycolysis in cancer cells, at least in part by increasing LDH lev- 
els (44). WNT5A has previously been found to be upstream of 
this pathway in a variety of cell types, including fibroblasts (45) 
and platelets (46). Interestingly, we found that WNT5A was able 
to increase active Akt levels in melanoma cells and that WNT5A- 
mediated increases in glycolysis could be blocked through inhibi- 
tion of the Akt-mTOR signalling pathway (Figure 5), suggesting that 
WNT5A can increase the glycolytic capacity of melanoma cells via 
activation of PI3K/Akt signalling. Active mTOR signalling medi- 
ates increases in translational machinery (47,48) including riboso- 
mal proteins and translational elongation factors (many of which 
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Fig. 5. WNT5A stimulates aerobic glycolysis via the activation of Akt signalling. (A) A2058 cells treated with rWNT5A for 30-90 min have increased 
phospho-Akt (p-Akt) levels compared with carrier-treated cells, as determined by immunoblotting. Example experiment of 5 is shown. (B) Inhibition of 
rWNT5A-mediated increase in lactate secretion in A2058 cells by MK-2206 (an allosteric Akt-1, -2 and -3 inhibitor) treatment. N = 3. (C) Inhibition of 
rWNT5A-mediated increase in lactate secretion in A2058 cells by rapamycin (mTOR complex-1 inhibitor) treatment. N = 3. 



we detected in the proteomics data set; Supplementary Table 1, 
available at Carcinogenesis Online), which could offer a plausible 
explanation as to why we detect higher LDH expression at the pro- 
tein, but not the mRNA level. A recent study showed that WNT5A 
enhanced gastric cancer cell migration via the PI3K-Akt signalling 
pathway (49). This raises the distinct possibility that active WNT5A 
signalling in gastric cancer could also lead to glycolytic shifts in 
these cells. Indeed further studies should also investigate the role of 
WNT-p-catenin-independent signalling in controlling the metabolic 
phenotypes of other cancer types, particularly those where this sig- 
nalling pathway is already known to have either tumour-suppressing 
or oncogenic function. 

We found that the effect of WNT5 A on reprogramming cancer cell 
metabolism is highly context dependent, as it alters energy metabo- 
lism in very distinct ways between melanoma and breast cancer cells. 
Rather than promoting aerobic glycolysis, in breast cancer cells, 
WNT5A signalling increased oxidative phosphorylation (mitochon- 
drial respiration). Specifically, using flux analysis to measure cel- 
lular respiration rates, we determined that WNT5A could increase 
basal respiration and ATP turnover in breast cancer cells (Figure 6). 
These two findings are related, as basal respiration is controlled in 
the most part by ATP turnover (50) and, together, these findings show 
that mitochondrial function is increased upon WNT5A signalling in 
breast cancer cells. In contrast, we found that in the melanoma cells 
tested, there was a glycolytic shift, where aerobic glycolysis is com- 
monly associated with rapidly growing tumours and high metastatic 
capacity. Therefore, given that WNT5A is a marker of good patient 
prognosis in breast cancer (26), which is opposite in melanoma (6), 
it is tempting to speculate that distinct changes in energy metabolism 
between cell types may underpin differing aggressive alterations noted 
for WNT5A in a range of cancers. Taken together, we have presented 
solid support for a new role of WNT-P-catenin-independent signalling 
in the metabolic reprogramming of cancer cells, which functions in a 
highly context-dependent fashion. 



Our findings raise the question of how the other arm of WNT 
signalling (the WNT-P-catenin-dependent pathway) affects tumour 
cell metabolism. In melanoma at least, high nuclear P-catenin levels 
(which is indicative of active WNT-P-catenin-dependent signalling) 
is associated with good patient prognosis (51). However, there are a 
number of cancer types where WNT-P-catenin-dependent signalling 
plays an oncogenic role, including colorectal, breast and oesophageal 
cancer, where this context dependency has been recently discussed 
(52). A previous study found that Akt-mediated increases in nuclear 
P-catenin signalling results in increased glycolysis and mitochon- 
drial dysfunction in oesophageal squamous cell carcinoma (53). 
Furthermore, recent work has shown that in breast cancer cell lines, 
WNT-P-catenin signalling can elicit a glycolytic switch mediated at 
least in part through suppressed expression of the mitochondrial res- 
piration enzyme, cytochrome C oxidase (54). Taken together with our 
findings, this work suggests that both of the WNT signalling arms 
(P-catenin dependent and independent) have the potential to modulate 
cellular bioenergetics in cancer. Indeed in a recent study, Grossmann 
et al. (24) have discovered that WNT5A can induce P-catenin- 
dependent signalling through activation of the small GTPase, ARF6, 
in a subset of melanoma cells. These studies, coupled with ours, fur- 
ther highlight the context-dependent nature of WNT signalling in can- 
cer and, moreover, the need for detailed investigations into the role of 
WNT signalling in reprogramming cancer cell metabolism in specific 
cellular contexts. 

A variety of signalling cascades are activated in response to 
p-catenin-independent WNT signalling in different cell types. Thus, 
there is the distinct possibility that specific ligand-receptor interac- 
tions provide specificity for alternate WNT signalling responses. 
Indeed a large number of receptors and co-receptors have been pro- 
posed to bind and elicit WNT5A signalling in a variety of cellular 
contexts, including a large number of FZD receptors (55-57), Ror-1 

(58) and Ror-2 (22,23,55), and the receptor-like tyrosine kinase, Ryk 

(59) . It will be important to determine if alternate receptor- WNT5A 
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Fig. 6. WNT5A increases mitochondrial-dependent respiration in breast cancer cells. (A) Extracellular lactate concentration in MDA-MB-468 cells treated 
with rWNT5A or carrier for 24h. N = 3. (B) ECAR was measured in MDA-MB-468 cells using an XF24 bioanalyser following 48h of rWNT5A treatment or 
with carrier. AECAR was calculated following a change to high glucose added after 40 min of low glucose treatment. N = 4. (C) OCR of MDA-MB-468 cells 
was measured on the XF24 bioanalyser following 48 h of rWNT5A treatment or with carrier. Drugs were added at the indicated times (arrows), from left to 
right: oligomycin, 2,4-dinitrophenol and rotenone. A representative example of a cell respiratory control experiment is shown. N = 4. (D) OCR in A2058 cells 
compared with other cancer cells. The XF24 bioanalyser instrument was used to monitor OCR in INS-1 and A2058 cells. Drugs were added at the indicated times 
(arrows) from left to right: high glucose, oligomycin, 2,4-dinitrophenol and rotenone. N = 3. (E) Basal respiration as calculated from the cell respiratory control 
data (an example experiment is shown in C). OCR levels prior to the addition of oligomycin represent the basal respiration rate of the cells. N=4. (F) ATP 
turnover as calculated from the cell respiratory control data (an example experiment is shown in C). ATP turnover is calculated from the oligomycin-sensitive 
respiration. N = 4. (G) A schematic model for WNT5A-mediated reprogramming of glucose metabolism in melanoma and breast cancer cells. *P < 0.05. 



interactions could be responsible for eliciting differing signalling 
pathways that evoke alternate metabolic reprogramming events, such 
as those we have found between melanoma and breast cancer cells. 
Likewise cross-talk with other signalling pathways in specific tumour 
cell contexts is also likely to influence WNT5A-mediated metabolic 
reprogramming in cancer. 

Overall, our results support the role of WNT ligands as elic- 
iting signals that can metabolically reprogramme tumour cells. 
The effects detected are diverse and likely to be highly context 
dependent. Indeed, distinct changes found in this present study 
with WNT5A suggest that changes in energy metabolism could 
well underpin differing aggressive behaviours noted for WNT5A 
in cancer. It is now clear that metabolism within tumours is not 
uniform, but that cancer cells exhibit metabolically flexibility to 
allow them thrive in dynamic environments of nutrient availabil- 
ity, oxygen tension and pH changes (60). Altered WNT signalling 
might be able to regulate this metabolic flexibility within tumours 
and investigations into the mechanisms that afford this regulation 



represent a vital area of future research into the role of WNT sig- 
nalling in tumorigenesis. 
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